Agent-based models have been used for diverse domains such as military, sociology, and urban planning. There is a growing concern about the incrementality and the flexibility of the agent-based models in further sophisticated and large-scale utilization. To resolve this concern, we suggest that specifying agentbased models formally will resolve the problems of incrementality and flexibility of the agent-based models through an organized composition of model components. To organize the composition of agent-based models, we survey formalisms that are applicable to agent-based models, including formalisms from the discrete event models, i.e., DEVS, MDEVS, and Cell-DEVS, as well as formalisms used in the communities of agent-based models, i.e., BDI, MDP, and Game Theory. Then, we compare, contrast, and propose an overarching formal specification for agent-based models that embody the key nature of agents. As an example, we show how to incrementally merge and flexibly manage traditional agent-based models through proposed formal specifications.
INTRODUCTION
Agent-based modeling and simulation has been a successful approach in providing insights and predicting the future in sociology (Sakoda 1971) , biology (Auyang 1999) , management (Robert 1999 (Robert ), military (mittal et al 2007 , urban-growth (Benenson 1998) , logistics (Barbuceanu, Teigen, and Fox 1997) , etc. This success has led to the development of a large number of agent-based models (Heath, Hill, and Ciarallo 2009) . For further development and utilization of agent-based models, now the modelers should be able to incrementally build their agent-based models by depending on other modelers' models (Moon and Carley 2007) . In the 1970s and 1980s, simple models, such as Schelling's segregation (Schelling 1971 ), Epstein and Axtell's sugarscape (Epstein and Axtell 1996) , and Carley's construct (Carley 1991) , provided profound insights into our society. However, to show today's complex socio-economic systems, we need more modeling features that go over more than the coverage of a single model or a single modeler. Furthermore, the sophistication of the modern agent-based models requires more systematic modeling and implementation approaches, while in the past the algorithm, the pseudo-codes and even the source codes of the traditional agent-based models are published in papers. Such model description is now done by utilizing flowcharts, UML notations, or simple textual descriptions. To create more comprehensive models for today's applications, such as a city-scale epidemic model considering the traffic and the social network effects, modelers from different discipline should collaborate and build their models on top of the others'. This collaboration includes not only building incrementally, but also testing and modifying the incrementally built models by changing the incremental composition of its dynamic execution. Enabling such collaboration requires a common ground for their representation, modeling, implementation, and model execution management. We propose that the common ground for modeling is a formal specification for agent-based models.
This paper discusses how to incrementally and flexibly develop and integrate agent-based models through the formal specifications that we propose in this paper. The substance of our approach is specifying a multiple agent-based model in our proposed formal specification in a distributed way that means two modelers are individually developing the models by the same formal specifications. Then, we incrementally compose the specified multiple agent-based models to execute them in the same simulation execution context. Also, we flexibly modify the composition of the multiple models to add and remove some of the models. The incremental composition and the flexible management are enabled by the formal specification of the models because the formal specifications become the protocol in developing, running, and managing the models.
As we point out the importance of the formal specification, to our knowledge, there is no single dominant formalism in the agent-based modeling community. So far, some formalisms specifically designed for agent-based models have been proposed, which will be compared to our approach in the discussion section, yet theses formalisms are not widely used. Therefore, our underlying goal for the above incremental and flexible modeling and simulation is proposing another, more usable formalism for the agentbased modeling community. The existing formalisms for agent-based models can be categorized into two types. First, there are formalisms in some theoretic domains of the agent-based models. For instance, partially observable markov decision-process, or POMDP (Bertsekas 1976) , has its own distinct formalism though POMDP is limited in being utilized, i.e., modeling robotic behaviors in a simple environment. Second, there are formalisms reduced from a more general modeling and simulation theory, such as the theory of discrete event system specification, or DEVS (Zeigler, Praehofer, and Kim 2000) . For example, DEVS community has suggested a number of formalisms, such as MDEVS , yet these are not popularly used by the agent-based modeling community.
This paper aims to present a third type of formal specification that is adapted more to the agent-based models with its root in DEVS formalism, and we expect more facilitated adoption of it by the agent-based modelers. We present the formal specification in terms of how the specification inherits two cores of the agent-based models and DEVS. We subsequently show a demonstration of our formal specification by applying the specifications to two well-known tradition agent-based models, and then we illustrate how to incrementally compose the fusion model by inheriting the specification of the two models.
PREVIOUS RESEARCH
For supporting incrementality and flexibility in the model composition, the formal specifications of models are critical. Since the formal specifications rely on a strict specification basis, such as mathematics, the formal specification becomes the common, comprehensive and accurate protocol in model representing and implementation. Also, if the formal specifications support modular and hierarchical compositions, the specified models are easier to incrementally and flexibly compose as an over-arching model. Then, the question is whether or not the existing formalisms in the agent-based modeling community are 1) comprehensive in modeling agents and 2) hierarchical and modular in composing more than two agent models.
Existing Formalisms from Discrete Event Models and Agent Models
Agent-based models describe that individual agents interact with other agents and environment. In detail, the agent-based models have three main components: agents, environment, and interactions between them. We surveyed existing formalisms by categorizing the elements of the formalisms into the three categories of the components. This categorization becomes one axis of our survey on formalisms. The second axis of the survey is the origins of the formalisms. Some formalisms adapted to the agent-based models are directly inherited from the cellular automata from the Von Neumann era (Neumann 1966) . Another set of formalisms are specialized formalisms from the general discrete event modeling formalism, or DEVS. Finally, some formalisms originated from the AI field to model the details of the agents, such as POMDP, The above characterization of actions results in the formal specifications for action model below. An action model is formally specified by five sets and four functions. Below, X means an input event set from external models, such as other agents and environments. Y means an output event set which is generated by the action model. The states of the action model are divided into three types : states of situation awareness(S aw ), states of actions(S act ), and states of conditions(S cond ). Using these state sets, four functions need to be specified, and the four functions include three basic functions from the agent's skeleton in Figure 1 and a time advance function that is essential in discrete event system. The perceive function (P) means, when the external events come in, an action model changes its situation awareness states by the external inputs. The decision function (D) specifies the transition of its action states according to its situation awareness, action in progress, and decision conditions. The action function (A) describes an action model generating an output event from the action states. Lastly, the time advance function defines the time of the action completion by the chosen output action. While the mathematical notations are described below, Figure 3 shows the structure of the action model in the formal specification . 
ACT = <X, Y, S aw , S act , S cond , P, D, A, ta> X = Set of input event

Formal Specification of Agent Model
The agent model in Figure 2 specifies an agent entity performing multiple actions specified in its action models. When the model is executed, the agent model performs the actions dynamically composed with respect to the agent model's states and external events generated by either other agents or environments. This dynamic action composition is enabled by the coupling structure between the action models within the agent model. To express this action composition in an agent, the following is a formal specification of an agent model 
AM = < X, Y, S, A, δ, C, SELECT > X = Set of input event
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Reduction to DEVS Formalism
In this section, we prove that our formal specification is reducible to DEVS formalism. The reducibility to DEVS will show that the suggested formal specification is sufficient for modeling in the hierarchical and modular fashion, and our formal specification belongs to a special case of DEVS formalism. Table 2 shows that our formal specification has matching and more elements to DEVS formalism. This means that our formal specification is reducible to DEVS formalism by removing some information in our specification. In detail, the action model is reducible to the atomic model in DEVS. These two models are same except our specification splits the state set of DEVS into three sets in our model. The agent model is reducible to the coupled model in DEVS while our model has its own state set and transition function determining the coupled structure. Having the state set and the transition function is first introduced by the MDEVS formalism that we surveyed before, yet we simplified and reorganized the formalism to match the agent-based modeling context. The multi-agents model is another extension of DEVS coupled model, and the result of the reduction is the same as the agent model's reduction. 
Example : Construct-Spatial Model
We give an example to demonstrate the formal specification of agent-based models. Whereas there are few agent-based models that incrementally and flexibly integrates existing models, some integration models (Moon and Carley 2007) are created by manually integrating two existing models without any support from formalisms. Construct-spatial is one attempt to create a mixture of two agent-based models in the spatial and the network domains. Construct-spatial model is an agent-based model of mixing 1) the action of the sugarscape agent (Epstein and Axtell 1996) that moves in a physical environment and 2) the action of the construct agent (Carley and Hill 2001 ) that communicates on a social network environment.
 Sugarscape Action (SA) : an action about moving toward resources (i.e. sugar)  Construct Action (CA) : an action about communicating knowledge with other agents  Construct-Sugarscape Agent (CSA) : an agent who can perform one of SA and CA on the specific condition.
Action Model : Sugarscape Action Model
The sugarscape action model describes moving toward resources (i. Construct-spatial agent model is generated by composition of the sugarscape action model and Construct action model. According to the states of the agent model and the external events from other agents or environment models, the agent model decide an action model to be executed at certain time, which is regulated by changing coupling structure of the agent model. The formal specification of Construct-spatial agent model is below. Construct-spatial multi-agents model contains multiple developed Construct-spatial agent models and specify the coupling structure of the agent models. on the contrast to Construct-spatial agent models, this multi-agents model changes its coupling structure by the output events from its agent models. The formal specification of the multi-agents model is below. 
CONCLUSION
This paper proposes a formal specification of agent-based models to support the incremental and the flexible models development. Our formal specification, which is reducible to DEVS formalism, enables the hierarchical and the modular modeling of the action, the agent, and the multi-agents models. Particularly, the action models are expressed by common taxonomy in the agent-based modeling community, i.e., perception, decision, and action. Additionally, we organize a simple, yet sufficient formal specification in the dynamic composition of 1) action models in an agent model and 2) agent models in a multi-agents model. To demonstrate the expressive power of our formal specification, we show an example of constructspatial model that is composed of two well-known traditional agent-based models: sugarscape and construct. To sustain this formal specification, we plan to provide a model implementation platform supporting this formal specification.
